Two methods are described for determining the shortest route to an identification. The methods are based upon the reduction to a minimum test set, ' as suggested by Gyllenberg (1963) , which will result in the most efficient separation of the organisms. The first method is used when no test results for characters are considered variable ; the second method is applicable when some characters are variable and others are not. To illustrate the methods two sets of data are reduced. One set includes the reduction to a minimum set of 6 tests from 32 tests for 36 organisms in the Enterobacteriaceae. The other set includes the reduction to a minimum set of 3 tests from 34 tests for 8 Pasteurella species. The methods described may be used manually or be programmed for a computer.
I N T R O D U C T I O N
For the efficient identification of large numbers of organisms, it would be desirable to know which set of tests would be most effective in separating a group of organisms into progressively smaller subgroups with equal, or nearly equal, numbers of organisms. The number of subgroups ideally would equal the original number of organisms. If this situation could be attained, there would be complete separation of the organisms in a group. If only one organism were separated into a subgroup, this would constitute an identification. In addition, a minimal number of tests would have been done in order to effect separation, that is, the shortest route to an identification would have been used. Gyllenberg (1963 Gyllenberg ( , 1964 has given consideration to a general method of determining the 'minimum set' of tests required for separation of groups of organisms. His methods, with some modification, have been applied to representative species in the Enterobacteriaceae to develop a generalized programme for the Burroughs 5500 Computer.
M E T H O D S
An idealized example. The number of tests required for the minimum set is determined by the number of organisms to be separated. Considering only two-state tests, that is, tests for characters that may be recorded as present (+ or 1) or absent (-or 0), two organisms may be separated by one test, three to four organisms would require a minimum of two tests, five to eight organisms three tests, nine to sixteen organisms four tests, etc. These are idealized circumstances. According to Gyllenberg (1963) , the minimum set of tests is Tmin. = log, G, or in exponential notation, 2' = G, where Three tests separate 5 to 8 organisms* * One two-state test has 2 possible results, 1 (or+) and 0 (or-). Two two-state tests have 4 possible results, 11 (or+ +), 10 (or+ -), 01 (or -+), and 00 (or--), or in general the number of possible unique combinations for two-state tests is 2' where T is the number of tests.
It will be noticed in the last example in Table 1 Tables 3, 4 , 9, 12, and 14. Let N = total number of organisms, na = total number of organisms with combination a, nb = total number of organisms with combination b, ni = total number of organisms with combination i.
Then, (N-nu) is the number of organisms not having combination 'a' and consequently is the number of separations for each 'a' organism. For nu organisms, the separations would be nu ( N -nu). Similar expressions can be written for organisms with combinations 'b' ...' i'; however, in arriving at the total number of separations it should be remembered that each separation has been counted twice. Thus, the total separations, S, is given by
The application of this equation is illustrated next. When no characters are considered variable. If one is dealing with a large number of organisms to be identified, it usually is impossible to find a sufficient number of characters for the determinative scheme that, as far as the available data indicate, are not variable. That is, few characters are definitely always present or always absent. A character that is variable is useful for a determinative scheme if the frequency it is present or absent is known. Cowan & Steel (1969, in their diagnostic tables, state that a positive or negative test result for a character means 80-100~0 positive or negative and 0-20y0 negative or positive, respectively. The procedures to be discussed are applicable to finding the minimum set of tests for separation of a group of organisms when no characters are variable or when confidence levels for the relative frequency that variable characters are positive or negative have been established. Gyllenberg (1 963) has given consideration to these procedures.
Hypothetical data are given in Table 2 for 8 organisms and 5 tests. The left part of the table gives the data for the test results of the organisms and the S values for the tests. The right side of the table shows the tests arranged in descending order of their S values. Ideally 3 two-state tests (z3 = 8) would be required to separate the 8 organisms as illustrated in Table 1 . The problem is to find the combination of 3 of the 5 tests that will result in the most efficient separation of the 8 organisms. For illustrative purposes we shall find the first 2 tests and then the first 3. It should be emphasized, however, that we could directly find the first 3 tests.
(1) Downloaded One two-state test could separate 2 or more organisms into 2 subgroups, those organisms that were 1 for the test and those organisms that were 0. As indicated in Table 2 , test 4 gives the largest number of separations for one test. Two two-state tests could separate the organisms into subgroups with the following possible unique combinations of test results, 11, 10, 01,OO (or + +, + -, -+ , --). First it is desired to find that combination of 2 tests which most closely would approach the ideal condition of separating 8 organisms into 4 subgroups each with 2 organisms. To determine this it only is necessary to find the number of combinations (C) of 5 tests taken 2 at a time. or Next a count is made of the number of organisms which are separated into the 4 possible unique combinations of results for 2 two-state tests. This is illustrated in Table 3 . Of the 10 possible combinations of 5 tests taken 2 at a time, tests 4 and 2 appear to approach most closely the ideal separation. This same result could be obtained by using equation (1) in the form where again N is the number of organisms in the group and n,,, n,,, no,, and no, are the number of organisms with the 4 possible unique combinations of 2 two-state tests. S will approach a maximum value when n,,, n,,, no,, and nm each approach N/4 as a limit. That is, when N/4 = 8/4 = 2 = nll = nlo = no, = no,, the maximum value for S is 24. The S value for the 10 combinations of 2 two-state tests are given at the bottom of Table 3 . The test combination 4-2 most closely approaches the ideal separation (S = 24) with a value of 23 and these 2 tests are selected for the first 2 best tests. This process is repeated again to find the 3 first best tests. In this case, however, equation ( IdentiJication of bacteria 41 1 and the maximum value for Swill be obtained when each n approaches N/8 as a limit. This value is 28. The possible combinations of 5 tests taken 3 at a time are 10. Table 3 . Possible combinations of 5 tests taken 2 at a time (from Table 2 ) and the number of organisms that are separated into each unique combination of 2 two-state tests
Combination of tests
Organism 4 2 4 1 4 3 4 5 2 1 2 3 2 5 1 3 1 5 3 5 1 1 1 0 1 0 1 1 1 0 1 0 1 1 0 0 0 1 0 1 1 0 1 0 1 0 1 1 0 0 0 0 0 1 0 0 0 1 0 1 1 1 1 0 1 1 1 1 1 0 1 1 1 1 0 1 0 1 1 1 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 1 0 1 0 1 0 0 0 0 1 1 1 0 1 0 1 0 1 0 0 0 0 1 0 0 0 0 0 1 1 0 1 0 1 1 0 0 0 1 0 1 0 1 0 1 0 0 0 1 1 1 1 0 1 1 1 0 1 1 0 1 1 0 1 0 1 1 1 0 0 0 0 1 0 0 0 1 0 0 1 0 Number of organisms in each unique combination of 2 two-state tests Table 2 ) and the number of organisms that are separated into each unique combination of 2 two-state tests
Combination of tests , Organism 4 2 1 4 2 3 4 2 5 4 1 3 4 1 5 4 3 5 2 1 3 2 1 5 2 3 5 1 3 5 Combination 111 110 101 100 01 1 010 001 000 s* = 1 1 0 1 1 0 1 1 1 1 0 0 1 0 1 1 0 1 1 0 0 1 0 1 1 0 1 0 0 1 1 0 0 1 0 0 1 0 1 1 0 0 1 0 1 1 0 1 0 0 0 0 0 1 0 0 1 0 0 1 1 1 0 1 1 1 1 1 1 1 0 1 1 0 1 1 1 1 1 0 1 1 0 1 1 1 1 0 1 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 1 0 0 1 0 0 1 0 1 1 0 1 0 0 1 0 0 1 0 0 1 0 0 0 0 1 1 0 1 1 0 1 0 0 1 0 0 0 1 0 0 1 0 0 1 1 0 0 0 0 0 1 0 0 1 1 0 0 1 0 1 1 0 1 0 0 1 0 1 1 0 1 0 0 1 1 0 1 0 0 1 1 0 0 1 1 1 0 1 1 1 1 0 1 1 0 1 1 0 0 1 0 1 1 0 0 1 0 1 1 0 0 1 1 0 0 0 1 0 0 0 0 1 0 0 1 0 Number of organisms in each unique combination of 3 two-state tests n n n n n n n n n n 0 
The reduction of data for finding the 3 first best tests is presented in Table 4 . The highest S value is 26 for the combination of tests 4, 2 and 5, and these tests are selected for the first 3 which effect maximum separation. Gyllenberg (1964) used organism versus organism matrices to determine the completeness of the test set. A test that separates 2 organisms is entered into the proper space of the matrix (a 'point of separation') and when all parts of the matrix are filled, the test set is complete and all organisms may be separated. The number of spaces to be filled in the matrix is t(t-1)/2 ( t = number of organisms) or these are the number of spaces to be filled below the diagonal line in Table 5 . The top right-hand side of the table is not filled-in because it is a mirror image of the bottom left-hand side of the table. There are 28 spaces (t(t -1)/2 = 8(8 -1)/2 = 28) to be filled-in. This is the same answer given by equation (1) for the ideal conditions that 3 tests would separate completely 8 organisms. Gyllenberg's (1964) method, t(t -1)/2, is less cumbersome. However, equation (1) can be used directly to determine the number of spaces that have been filled by the selection of the first, second, third, ..., etc., tests-and this obviates the use of matrix analysis. By counting the spaces in Table 5 occupied by tests 2, 4, and 5, or any combination of these tests, it can be determined that the number of spaces occupied in the matrix agrees with the answers obtained by using equation (1). When two or three of the tests occur together in the same space in the matrix they are counted only once.
Equation ( Iden t $cat ion of bacteria 413 unique combinations. For example, if organism A is variable (v or 2) for two of five tests there are 4 possible combinations of results for 2 two-state tests. The expansion of the results for organism A would be as follows:
Tests 2 and 5 are variable and there are 4 possible combinations (2Tu = 22 = 4) for 2 variable tests, 11, 10, 01, and 00. Test 2, for the 4 possible combinations is written in the sequence: 1, 1, 0, 0, and test 5: 1, 0, 1, 0. This gives 4 unique combinations of results for organism A.
If equation (1) is used to determine the first test by this method the most variable test, in general, will be selected because the number of 1 and of 0 reactions would be about equal after expansion of the table. In addition, the method is not efficient when a large number of variable characters occur. If 30 characters for an organism were being considered, and 10 of the characters were variable, the expansion of the table for this organism would be 2Tu = 21°= 1024. In actual practice this situation frequently arises because of lack of information. Characters for which no data are available are considered variable on the assumption that the character must be either present or absent.
When some tests are considered variable. In the diagnostic laboratory or when bacterial flora studies are undertaken and it is not known on the basis of previous experience what organisms may be identified, the study will only be as comprehensive as the primary environmental conditions used for isolation and the inclusiveness of the keys to be used for identification. This situation is complicated further because classifications into which organisms are to be identified are dynamic and not static. That is, as more information becomes available justification can be found for reclassification. This, in a sense, also reveals the dynamic state of bacterial populations.
Ideally, in either case, that of the diagnostic laboratory or larger bacterial flora studies, the keys constructed for identification should be as inclusive as possible. If this is done the concept of the minimum test set of Gyllenberg (1963) becomes important particularly in regard to the volume of work and the time required for inoculation of media and reading of tests. That is, unless a laboratory has unlimited resources of time and personnel the shortest route to an identification must be taken.
A separate table is used to collect data for each organism to be considered. The data for all organisms then are compiled into one large table and from this the minimum set of tests required for maximum separation of the organisms is determined. In constructing tables of organisms and their test results it is necessary to decide what constitutes a positive reaction, a negative reaction, and a variable reaction. This may vary depending upon the findings of different investigators. A very rough approximation was made by analysing the results of each test for a species as designated by various investigators, and the test results were divided into 4 approximate confidence levels, 99, 95, 90, and 80%. This is illustrated in All references agree mannitol fermentation is positive 99 yo or more of the time and this is recorded positive at all 4 confidence levels. Lactose fermentation is considered positive by 4 references, 9005% positive and 5.5% delayed positive by Edwards & Ewing (1964), and 92% positive by Marller (1954) . Lactose fermentation is summarized variable at the 99 and 95 yo confidence levels and positive at 90 and 80 yo. In general, delayed positive reactions are considered negative and for this reason citrate utilization is summarized as negative at all four confidence levels. Qualitative data for variable reactions such as that found in Bergey's Manual (1957) arbitrarily were given precedence over quantitative data and the summary for the reaction would be considered variable. This approach is biased and allows for more variation and fewer separations. However, on the basis of the minimum test set it is desired to include, and not exclude, as many organisms as possible. Quantitative data using the same standardized test procedures will be required before significant results can be obtained for variable reactions. In Table 7 will be found data for ten organisms in the Enterobacteriaceae. The confidence level is approximately 80%. Two different procedures may be used to determine if sufficient tests are included to give complete separation of the organisms in the group. The test results for each organism may be compared with those of each other organism. The results for organism 1 are compared with those of organisms 2,3, 4, etc., and whenever a 1-0 or 0-1 combination occurs there is separation. If no 1-0 or 0-1 combination occurs the organisms cannot be separated. Next, results for organism 2 are compared against organisms 3,4,5, etc., and this process is continued until all comparisons are made. When this is completed it is found that organisms 1,2, 4, 8, and 10 are separated, and that the following organisms are not separated, 3 from 7, 5 from 7 and 9, 6 from 7, and 7 from 9. The data in Table 7 also may be used Iden tijicat ion of bacteria 415 as input for the computer and the output is a listing of the organisms separated and the tests required for separation. The organisms not separated are not listed.
From this type of analysis, either manual or automatic, it is known that the test set is incomplete and not all the organisms are separated as single answers. To keep the illustration within bounds, however, these data will be used to determine which minimum set of tests will result in the most efficient separation of the organisms. The first best test is based upon the highest S value. In Table 7 the tests are arranged in descending order of their S values as indicated at the bottom of the table. In calculating S values, reactions which are variable, designated by 2, are omitted and only the 1 and 0 reactions are considered. It will be noted in Table 7 , in general, that the S values decrease as the number of variables increases. An inversion occurs with tests 5 and 6, i.e. test 5 has 4 variables and test 6 has 3 variables and their S values are 8 and 6 respectively.
To find the first 2 best tests, there are 28 possible combinations of 8 tests taken 2 at a time. However, in the automatic selection of the first 2 best tests, the computer does not make every possible combination. After the selection of the first best test, each remaining test is used with the first test and the combination that effects the largest number of separations is selected for the first 2 best tests. In this case 7 combinations of 2 tests were made, i. e. 1-2, 1-3, 1-4, 1-5, 1-6, 1-7, and 1-8. The combination of  tests 1-2 and 1-3 each effect 29 separations which is the maximum separation for any 2 tests. This is illustrated in an organism versus organism matrix in Table 8 . Note there are 45 spaces in the matrix to be occupied under the diagonal line. The separation spaces (SS) for any combination of 2 tests is: SS,,,,+ (number of times test being compared with 1 occurs independent of 1). The computer selects both combinations 1-2 and 1-3 for the first 2 best tests and compares each remaining test with these 2 combinations to find that combination of 3 tests that effect maximum separation of 10 organisms. Test combinations 1-2-3 and 1-2-4 P K A , W. E. CLAPPER, I. G. B O W E N A N D R. B A B B bination 1-3-4 effects 34 separations and this is selected for the best combination of 3 tests.
By the first analysis it was found the test set was incomplete and organisms could not be separated: 3 from 7, 5 from 7 and 9, 6 from 7, and 7 from 9. This means there are 5 separation spaces that cannot be occupied. The total number of spaces is 45, therefore, the maximum number of spaces that can be filled is 40. Table 8 . An organism versus organism matrix in which the test number* that results in a separation of 2 organisms is recorded in the appropriate square The computer, however, only makes 5 of these: 1-345,l-3-4-6,1-3-4-7,1-348, and 1-3-4-2 which effect the following number of separations, 36, 34, 35, 36, and 36 respectively. Three combinations of 4 tests occupy 36 separation spaces which is the maximum for these tests. Any one of these combinations could be selected as the minimum set. Maximum separation occurs if 40 spaces are occupied; the minimum set occupies 36, and therefore separation is 90 % completed. Four two-state tests have 16 unique combinations (z4 = 16). The number of organisms separated into these 16 Ident$cation of bacteria 417 possible unique combinations by test combinations 1-3-4-5, 1-3-4-8, and 1-3-4-2 are illustrated in Table 9 . Manual analysis of these data indicates that another combination 1 -2 4 5 also gives 36 'points of separation' and that the computer did not select this combination. The largest subgroup for any combination of 4 tests contains 3 organisms. The organisms and the remaining tests in any subgroup that contain 2 or 3 organisms are used as input again and the output is the test or tests that effect separation. This process is continued until separation is complete or until no further separations can be made. The programme for the automatic selection of a minimum set of tests agrees, in general, with the manual analysis. Inversions, however, may occur occasionally, but a programme can be devised that will analyse every possible combination of tests.
RESULTS
Different laboratories may identify the same organism by use of various determinative schemes, that is, different routes to an identification may be used. An attempt has been made, using modified procedures of Gyllenherg (1963 Gyllenherg ( , 1964 generalized method of reducing data of organisms such that the shortest route to an identification will be taken. This entails determining which tests, on the basis of available information, can give maximum separation of organisms in a group. Two examples are used to illustrate these methods.
Selection of 6 tests from 32 tests to separate 36 orgnni,sms in the Enterobacteriaceae In the first example 36 organisms in the Enterobacteriaceae are used. The data for 32 test results for the organisms are reduced to determine which 6 tests would effect maximum separation of the organisms into 64 possible unique combinations (26 = 64). Data are not available for all organisms and all tests. When this situation is encountered the reaction is considered variable (v or 2) on the assumption that the test must be either 1 or 0. The confidence level is approximately 80% but it is emphasized this is biased in favour of indicating more reactions variable.
In general, the classification and nomenclature of Bergey 's Manual (1957) or Cowan & Steel (1961 were used. For this reason, delayed positive reactions are considered negative for the first 24-48 hr in order to differentiate Paracolobactrum species from Escherichia coli, E. .freundii, E. intermedium, Aerobacter aerogenes, and A . cloacae. The latter organisms, although lactose negative some of the time, are all considered lactose positive. This is illustrated in Table 10 , the input for the computer, which is a summary of test results for the 36 organisms. The following references: Bergey 's Manual (1957) , Cowan (1956) , Cowan & Steel (1961 , Davis, Ewing & Reaves (1957 ), Edwards & Ewing (1964 , Kauffmann (1956) , Manclark & Pickett (1 961), and Marller (1954), were used to prepare summaries similar to that illustrated in Table 6 .
With 36 organisms there are a total of 630 separation spaces (t(t-1)/ 2 = 36-35/ 2 = 630) to be occupied. The 6 first tests selected to effect maximum separation and the number of separations are indicated in Table 11 . Separation is 75.7 yo completed by use of these 6 tests (477/630 x 100 = 75.7 yo). Table 12 indicates the subgroups of organisms and which one of the unique combinations each subgroup occupies after use of the minimum test set. Seventeen of the 64 combinations are not occupied, 11 contain 1 organism, 9 contain 2 organisms, 4, 3 organisms, 13, 4 organisms, 3, 5 organisms, 1, 6 organisms, and 6, 7 organisms.
Each of the subgroups with more than 1 organism are separated further using the organisms in the subgroup and the remaining 26 tests as input with an output of the best tests required to effect maximum separation. A minimum set, dependent upon the number of organisms in the subgroup to be separated, is not determined necessarily in these cases. Tests for separation may be selected at this point until all organisms are separated or until further separation is impossible.
Selection of 3 teyts from 34 tests to separate 8 species of Pasteurella
In the second example, the data of Smith & Thal (1965), used in a numerical taxonomic study of 8 species of the genus Pasteurella, was used for input (Table 13 ). The output was the minimum test set and the organisms separated into each of the possible combinations of 3 two-state tests (Table 14 ). The number of separation spaces to be occupied is 28. When the S values for each test are calculated, 3 of the 34 tests, 6, 7, and 17, have a maximum S value of 16. This meets the first part of the idealization previously illustrated (Table 1) that the first 3 tests should have an equal number of 1 and of 0 test results. However, the second part of the idealization is not fulfilled because the alternating sequences of 1's and 0's are not 11110000, 11001100, and 10101010. The S value for these 3 tests is 26 which is not the highest possible value for a combination of 3 of the tests. 8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32   Table 11 . The first 6 tests and the number of separations efected by successive use of these tests Table 12 and the bottom of Table 14 which list the possible patterns of combinations for the organisms. Data for the minimum set of tests for an organism to be separated can be scanned readily on this type of table. An organism may be identified by the minimum set if there is only one organism separated into a unique combination or the organism may be separated into a combination containing more than one organism. In the latter case a second table is scanned which contains another minimum set or the tests selected from those remaining tests required to effect identification of the organisms in the subgroup. If some organisms in a subgroup cannot be separated, a programme has been prepared (R.B.) based upon the relative frequencies of positive and negative results for variable tests which give the most likely answers. In most cases, at present, quantitative data are wanting concerning variable reactions. Notable exceptions are Edwards & Ewing (1964) and Marller (1954) . This part of the programme is analogous to that described by Payne (1963a, b) for use in the automatic library facility, and Moller (1962) has given consideration to probablistic identification keys. Not all laboratories have access to automatic facilities and laboratories in remote areas may not have communication with such facilities. For this reason up-dated print-out tables should be made available for manual use. The use of these tables is similar to the ' Determinator ' described by Cowan & Steel (1960) . In addition, data concerning variable characters may vary geographically and temporarily and the Bayesian approach is suggested (Ledley & Lusted, 1959) .
A limitation of the automatic programme is that all possible combinations of tests are not made. That is, some combination of tests are not made and occasionally these could have higher separation values than those combinations that are selected. However, in Table 10 , with 36 organisms and 32 tests, a total of 906, 192 combinations of tests would have to be made to find the 32 tests taken 6 at a time that would give the highest number of separations. For this reason a first best test is determined by the separation figure of Gyllenberg (1963) and the tests are arranged in descending order of the S values. Then, each of the remaining tests are used with the first test to determine that combination of 2 tests which give the highest number of separations. On the basis of the highest number of organisms separated by some combination of 2 tests, the tests are rearranged again in descending order of the number of separations. The remaining tests are used with the first 2 to determine the first 3 tests, and this process is continued until the required minimum set is complete.
In a report of a conference on microbial classification, Skerman (1964) introduced the discussion on biochemical tests, and comment was made that standardization of tests may be required for each group of organisms. Discrimination was not made concerning which tests were to be considered for use in identification. In the summary of tests for characters in Table 10 it was not possible always to know if all tests were done by the same procedures. This means there may be an additional bias in this table. For diagnostic purposes some of the tests no doubt could be considered unsatisfactory because of the time required before the test could be read positive or negative.
With the limitation in mind, for example, that the method for determining glucose utilization by Neisseria gonorrhoeae is different than that for E. coZi it still is possible to reduce data for a large number of organisms when it is known that the same test , I. G. B O W E N A N D R. B A B B procedure may be used to reveal the presence or absence of a character. A consideration of the environmental conditions necessary for the expression of a character also is useful in identification procedures.
One thing that is needed is more data concerning the characteristics of the bacteria and to reduce this data to determine which tests give the most efficient separations. The diagnostic tables of Cowan & Steel (1961 help fill this data gap, and Williams (1966) has summarized some of the difficulties of instituting automatic data processing procedures. This work was supported by funds from the Division of Biology and Medicine, Atomic Energy Commission, U.S.A.
